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Abstract 
Handling changes is competitive. The production ramp-up is underlying various changes which productive companies have to face under a 
constant pressure of time, costs, quality and flexibility. In order to be able to flexibly react on requested changes and plan a scalable production 
the manufacturing systems should be designed accordingly. The generic approach for a scalable process design presented in this paper 
comprises the modularization of interdependent processes, the adjustment of automation and the increasing relevance of human resources in 
hybrid manufacturing systems. The decomposition of processes into scalable modules allows adjusting and reconfiguring the system according 
to changing conditions and tasks as a more flexible status can be implemented. A validation of this theoretically deduced approach was made at 
an automotive supplier. 
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1. Challenges in ramp-up 
For industrial enterprises the production ramp-up 
represents a critical factor. Due to the global assimilation of 
technical abilities and competences the product launch at the 
correct time and with efficient input of resources is an 
important differentiation criterion today and in the future. The 
ramp-up transfers a system from a planned virtual status into a 
real world. It is the phase between completed product 
development and peak production [12]. Manufacturing 
capacities are extended continuously until the peak production 
is reached. This transformation of a prototype into serial 
production is characterized by restrictions, changes, 
modifications and delays [13]. Thus, in this phase many 
different factors and configuration objects have to be 
considered, mostly under a high time pressure.  
Especially the manufacturing system which is subject to 
variant impacts has to be modified according to the changing 
conditions (design changes, quantity changes, etc.) and 
stakeholders’ requirements although the system elements’ (i.e. 
processes etc.) characteristics, causal connections and 
temporal changes are partially unknown in this phase. 
Decisions on the manufacturing system’s design and 
configuration have to be made under a long-run perspective 
accounting for arising changes.  
The ramp-up’s complexity is described by variety, 
connectivity and dynamics [3]. Interdependencies between 
processes cause undesired effects to spread widely within the 
system and decrease its flexibility. Due to the high complexity 
of the overall system its behavior cannot be predicted [8]. This 
leads to instabilities during the ramp-up phase causing a loss 
in efficiency. 
1.1. Ramp-up phases 
The ramp-up is divided into three phases, i.e. pre try-out 
serial, try-out serial and serial production start-up after the 
start of production (SOP) [5, 17]. Theses phases focus on the 
optimization of different system elements in order to 
continuously extend production capacities until the peak 
production is achieved. This timeframe is characterized by 
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dynamically adapted instrumental aims in order to reach the 
fundamental goal of a stable peak production. 
The pre try-out serial focusses the production of prototypes. 
In this phase the tools, which should be used in series 
production, are partly tested in order to identify problems, 
improve processes and to prepare the staff for the subsequent 
series production. However, it has to be considered that the 
pre try-out serial contains many uncertainties [15] and is 
subject to changes or modifications of the product respectively 
the processes. The try-out serial is produced on the later series 
production line. In literature it is characterized by the fact that 
the production tools are already in full use and suppliers 
already deliver their components under real production 
conditions [14]. However, in practice only shape defining 
tools and dies are series production tools – the machines or 
sub systems of manufacturing systems are still located at sub-
suppliers sites due to time lags within the upstream project 
phases. As changes to the production might still occur based 
on design modifications of the product real production 
conditions cannot fully be simulated in this phase. Thus, it is 
difficult to implement a final planning in the try-out serial. 
The serial production start-up begins with job No. 1 at SOP. 
The end of this ramp-up phase occurs as soon as the planned 
production capacity is reached and stable production 
conditions exist [4, 14]. 
2. Context for the generic approach 
Due to the dynamic global environment and unsecure 
ramp-up characteristics, manufacturers have to face manifold 
challenges within an unstable surrounding [9]. This accounts 
especially for the automotive supplier industry as international 
competition and OEM requirements are high and product life 
cycles decrease conspicuously. The challenges for automotive 
suppliers can be subdivided into four main categories: 
 
1. Time pressure: 
Automotive suppliers underlie a constant time pressure 
basically as a consequence of required modifications near date 
of delivery and their customers’ late purchase orders. Thus, 
suppliers are not able to plan their manufacturing system 
properly and output quantities are often not meeting purchase 
orders. Additionally they have to confront their sub-suppliers 
for manufacturing equipment and purchased parts with late 
purchase orders as well. Consequently time and quantity 
requirements are not always met. Hence, production may be 
subject to delays. 
2. Cost pressure: 
The cost pressure automotive suppliers are facing is not 
only a result of competitors that offer their products at costs of 
goods sold (COGS) or even lower, it is mainly due to the 
obligations and requirements their customers (i.e. OEMs) 
impose on them.  
Suppliers receive minimized lump-sums for product 
development and machinery investments. Only forming tools 
and product specific jigs are paid directly. Based on this 
financing the suppliers are forced to carry out one to two 
change request loops without passing ensuing costs to their 
customers. 
3. Flexibility demands: 
These change requests are not only an issue of costs but 
also of flexibility. Suppliers are demanded to modify designs 
even after design freeze (which often is already late) and 
within the ramp-up. Furthermore they are confronted with 
changes of quantities at ramp-up and over the product lifetime 
[14]. The quantity requested by the receiving customer 
generally differs depending on the time before SOP so that 
capacities have to be adjusted. In ramp-up the mentioned 
change requests in design and quantity constrain the already 
limited factors as machine capacities, material and human 
resources even more and are an issue of additional quality 
problems [2]. 
4. Quality demands: 
Demands on product quality are the most crucial factor in 
supplier-customer-relations [10]. In the productive 
environment they are mainly measured by the compliance of 
tolerances. To meet these tolerances investments in 
automation are often necessary. 
 
As a consequence of these diverse challenges and 
requirements automotive suppliers often show an intuitive 
reaction in order to reduce development and quality risks and 
maximize capacity utilization of the existing production 
means. With the intention of keeping development risks of 
design changes low suppliers tend to apply known product 
concepts and processes and stay with their known production 
equipment and purchased parts suppliers. Quality risks due to 
changing and new circumstances are intended to be avoided 
mainly by maximizing the integration of process steps into a 
fully integrated manufacturing cell. To meet required 
tolerances automated process steps are implemented.  
However, the intuitive reaction is usually not the best 
economic solution for the existing challenges. Decisions are 
made under the mentioned time pressure and changes have to 
be implemented into a non-sophisticated manufacturing 
system. A reflection of the intuitive reactions exposes that 
they might have a negative influence on future production. 
The use of known product concepts and processes when 
reacting on changes is not always cost efficient over the 
product lifetime. New process technologies or sound 
modifications of the manufacturing system are often more 
efficient. The same reasoning can be applied for existing 
suppliers. One possibility is to critically review existing 
supplier relations and test the implementation of new 
suppliers and their technologies. In addition it has to be 
considered that the often applied holistic integration of a 
maximum of processes with a maximum of automation 
reduces the overall system’s flexibility which causes new 
problems. 
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3. Development of a generic approach for a scalable 
process design 
As the suppliers’ intuitive reaction often results in 
inflexible and cost-intensive modifications of the 
manufacturing system and as they are still facing 
unpredictable order quantities it is necessary to design a 
generic approach for a scalable process design to increase the 
system’s scalability and flexibility. 
 
 
Fig. 1. Scalability and flexibility measures 
This focus on scalability and flexibility is especially 
important in order to respond to the mentioned change 
requests as well as to generally changing economic and 
technological conditions [6]. The desired status of a system 
being able to cope with these conditions is displayed in Fig. 1. 
To reach a level of high scalability and flexibility (see 
condition 3) several measures can be applied. The generic 
approach introduced in this paper is based on these measures 
and underlies the following assumptions: 
 
 
Fig. 2. Increase of scalability and flexibility of hybrid manufacturing systems 
in three dimensions. 
The flexibility within a hybrid manufacturing system is 
mostly restricted due to interdependencies of processes. Thus, 
it is one essential part of the concept to minimize these 
limiting process interdependencies. This can be done by 
decomposing processes into scalable modules and not 
integrating as much processes as possible [6]. The 
identification and implementation of mobile process modules 
helps to create a platform concept that can be adjusted and 
configured according to frequently changing tasks (i.e. design 
changes, quantity changes, etc.) [6]. Modules with single 
functions can be arranged to a new manufacturing line and 
reordered with few conformations only.  
This approach is accompanied by the adjustment of 
automation and special purpose machinery which cannot be 
applied flexibly within the system [8]. In case of design 
changes automated concepts are subject to complex and 
expensive changes and even capacity adjustments are not 
accomplished easily. Especially when bottlenecks occur 
complex automated systems exhibit problems in the 
realization of adjustments to takt time. As they are underlying 
restricting and dependent parameters an acceleration of the 
automated process is often not possible. And since the 
duplication of automated processes requires additional 
investments and in general is accompanied by an extensive 
reorganization in order to integrate the new machines into the 
manufacturing system [12], it is necessary to find another 
approach to efficiently react to the variation of capacities. 
Hence, when leading to a bottleneck in production automation 
concepts should be decomposed into single modules 
respectively minimized and, thus, stay flexible to changing 
demands and conditions. This is an important element in order 
to compensate disequilibria of tact time.  
Modules in general should be characterized by a 
decentralized decision-making authority and a decentralized 
coordination between the modules. This can be achieved by 
reducing the hierarchical levels of coordination. The main aim 
of the decentralization is to improve the overall process 
efficiency of the manufacturing system in the context of 
changing market demands. In this regard a decision-making 
process close to the manufacturing line offers a significantly 
higher flexibility and an elimination of long and error-prone 
decision-making procedures [7], as less people and 
departments interfere with decision making processes. Hence, 
the modularization also reduces the error-proneness. 
Consequently, the control unit and the individual processes, 
handling and transport steps should be realized in separate 
modules.  
Having hybrid manufacturing systems in mind, the added 
value of human resources comes to the fore. On the one hand, 
approaches of low cost intelligent automation as described by 
Takeda [16] can be combined with manufacturing processes 
that require complex handling. On the other hand more 
sophisticated automation equipment can also be controlled 
locally distributed and thus leading to robust processes in case 
of disturbances within the process chain. Both aspects are 
addressed also by Braun [1] or Schmitt [11] and the 
discussion on human centric design of manufacturing systems 
focusing on the abilities and future of human beings in 
process control and complex manual work. The approach of 
hybrid flexible manufacturing systems consequently leads to 
two axioms. Application of human resources on complex 
handling activities, not being reasonable replaceable by 
automation, can create a value added for the system as well as 
the control of locally distributed sub systems in terms of 
technical parameters and production sequences and quantities. 
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Manual processes can not only be influenced ad hoc but also 
be designed easily to be mobile within the process chain. This 
increases flexibility for the relocation of process modules to 
balance the utilization of manual work in a wider spectrum of 
output quantities. 
The modularization and adjustment of automated concepts 
is an essential factor in order to plan a sophisticated 
manufacturing system, which simplifies decisions and is able 
to flexibly react to changing demands and conditions on 
product, process and quantity. The introduced approach 
obliterates the weaknesses in scalability which static 
approaches show. So as to react on rising capacity demands 
supplementary processing modules can be integrated into the 
manufacturing line or in case of manual processes personnel 
can be increased. 
4. Case study – automotive supplier 
4.1. Initial situation 
The methodology was successfully applied to a hybrid 
manufacturing system for hinges of trunk lifts being produced 
at a German production site of an automotive supplier 
company. As a similar hinge was already produced 
corresponding to the process design illustrated in Fig. 3. The 
production process was initially designed as follows: The 
tubes are purchased sawed at length. The first processes are 
integrated into a fully automated production cell composed of 
a handling robot, a tube bending machine and a special 
purpose machine for drilling of holes and milling of 
semicircles. The first process was planned to be the bending 
of the tube followed by the chipping processes. A rotary table 
for wobble riveting of a bolt and assembling a collar bush 
with a spring hook was designed as a fully automated process 
allocated in parallel. The spring hook and a bearing lug were 
planned to be then welded on the tube by a semi-automated 
welding process. The process-chain should close in a fully 
automated final assembly process based on a rotary table 
concept. 
 
 
Fig. 3. Initial process design 
The application of the existing production concept for the 
new product implies several weaknesses concerning 
scalability and robustness especially in the ramp-up phase. 
Output related weaknesses can be seen in the following 
dimensions: Design changes of holes and semicircles in the 
ramp-up require interruptions of the production due to 
mechanical adaption. The core bottleneck process (bending) 
combined with down-time intensive chipping processes leads 
to significant production losses. These can be calculated on 
the basis of empirical data of the existing production line. In 
terms of product quality during the ramp-up it has to be 
noticed that the tolerances of the single processes are not 
aligned from wide to narrow which means that rather precise 
processes cannot compensate deviations in processes with 
significant variations like bending and welding processes. 
Both, output related weaknesses and shortcomings of the 
product quality are caused by a high degree of process 
interdependency. Commercial disadvantages of the 
production concept can be identified in terms of relatively 
high investment volumes for automation without necessity 
and relatively high costs for potential process changes due to 
change requests focusing the product design. On the one hand, 
special purpose machines e.g. rotary tables for final assembly 
or riveting and the machining cell of the tube imply high costs 
for process changes and cause high investment costs. On the 
other hand, free capacity and flexibility of human resources 
are not utilized to a maximum while the extension of the 
production system due to its integrated concept is also 
relatively cost extensive. 
4.2. Analysis using the generic approach to design scalable 
and flexible hybrid manufacturing systems 
 
Fig. 4. Applied scalability and flexibility measures 
The analysis of the given production concept regarding 
aspects of scalability and flexibility corresponding to the 
generic approach leads to several measures to increase the 
scalability and flexibility of the process design (Fig. 4). 
Measures to increase flexibility of the process have been 
identified as follows:  
The product determining processes have been decoupled. 
The rotation axis of the hinge has been identified as a crucial 
parameter for all further product specifications and hence was 
defined as reference position for all process steps. The 
downstream alignment of the processes was designed 
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correspondingly to the specific process capabilities. Based on 
the information of the existing production process the bending 
process is afflicted with the widest tolerance followed by the 
welding process. The resulting process chain consequently 
begins with the bending process, followed by a punching 
process to generate the outline for the bearing lug which is 
then been welded on the tube. As the outline for the bearing 
lug is relatively resistant to design changes the replacement of 
milling by punching only had influences on the production 
costs but not on the flexibility of the production line. 
However, the flexibility is assured by a tool module 
implemented in the punching station to be able to generate 
different outlines only by changing the punching die. The 
material transport to the bending and punching station is 
realized by a six axis vertical articulated robot which also 
places the items on a slide that transports the bended tubes 
towards the welding station. The welding station itself 
consists of a cabin with two welding robots. The tubes and 
mounting parts are manually positioned in a modular welding 
jig and then welded correspondingly to the uploaded welding 
program. After welding, the tubes are manually positioned on 
a jig-based transfer system equipped with RFID technology. 
At that moment all processes afflicted with wide tolerances 
have been executed. The product determining characteristics 
(several bore and assembly holes) which are likely to change 
within the ramp-up are machined by a laser system. Variances 
of the raw material resulting in geometrical deviations, 
variances by the bending and welding processes themselves 
can be compensated by the laser while burning the holes into 
the tube. The burning line is determined by the program 
which is uploaded individually for each jig indicated by the 
RFID system. Following this approach, a transfer of product 
specific parameters from machines to jigs and modular dies 
has widely been realized. A replacement of chipping 
technologies by abrasive manufacturing technologies has been 
implemented especially to cover most likely change requests 
concerning the outline of assembly-holes and number and 
position of bore-holes.  
The weaknesses in scalability of the static approach of the 
existing production process have been improved by defining 
several process modules. This separation contributes on the 
one hand to an increase in flexibility and availability of the 
whole production line due to less technological 
interdependencies as described above and on the other hand to 
an increase in scalability at a high level of capacity utilization. 
The required output in the automotive industry during the 
ramp-up typically rises quickly from a low production level to 
a first peak to supply the dealers and then falls back on a 
lower level to rise again to the crest line. Automotive 
suppliers often face the situation that supplementary 
capacities are requested for additional projects even without 
having set up the initial project. The described output 
characteristic and mid-term capacity requirements lead to 
inefficient capacity utilization, especially if the installed 
production line is designed to a mid-term maximum capacity. 
The presented case study of the manufacturing system was 
therefore separated into defined processing and transportation 
modules. The processing modules are as follows: bending of 
the tube (automated), punching of the tube (automated), 
welding of the tube and the attaching parts (semi-automated), 
riveting of the spring hook (manual), laser machining of the 
tube (automated) and final assembly (manual). The 
transportation modules are a robot, slides and a transfer 
system with jigs. Identified mid-term bottlenecks like the 
bending process or the final assembly can be integrated into 
the production line simply by connecting a supplementary 
process module to the transportation module or in case of 
human resources being the bottle-neck, increasing the 
personnel allocated to the process module. The entire 
production line does not need to be realigned. Due to the 
hybrid approach of the production line its short-term 
scalability is limited to the currently installed machine 
capacity on the one hand and on the other hand restricted in 
terms of efficient utilization of human resources. While the 
machines cannot be influenced ad hoc, the side of human 
resources can be improved by mobile manual processes. In 
the present production line, the riveting process was designed 
as a mobile manual process module. Depending on the short-
term output requirements of the production line and the 
different utilization levels of human resources for manual 
operations within the process modules the mobile riveting 
process module can be allocated beside manual or semi-
automated modules and contributes to smoothing the operator 
efficiency. The mobile process module thus is a means for 
line balancing of the hybrid production line increasing 
efficient scalability. 
5. Summary 
The ramp-up phase is subject to different changes in 
product and process design as well as variations in quantities 
requested through customers. The automotive supplier 
industry is a branch especially affected and confronted with 
these changes under a constant pressure of time, costs, quality 
and flexibility. Suppliers are requested to react on changes 
instructed through their customers in a short time.  
In order not to implement extensive modifications in 
existing manufacturing systems it is necessary to plan a 
sophisticated system, which is able to flexibly react on 
changing demands and conditions concerning product, 
process and quantity. 
This research paper presents a generic approach for a 
scalable process design. The focus lies on the decomposition 
of processes into scalable modules and adjustment of 
automation. Modularized manufacturing systems are more 
flexible as the functions, which are realized by single 
modules, can be arranged and reordered with less time and 
effort. The resulting flexibility is especially important in 
ramp-up since this phase is underlying the described 
dynamics significantly. The advantages which modularized 
systems deliver account for the flexible reaction on capacity 
changes as well as on design changes which can be realized 
by supplementary respectively adjusted modules. The 
manufacturing system is even more flexible and able to 
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respond to changes and variation if automation is adjusted to a 
minimum and is utilized only in processes which need to meet 
tight quality tolerances or are ergonomically inauspicious. 
Manual processes can be adapted to differing conditions 
without extensive modifications. This is in particular an issue 
when focusing takt time and occurring bottlenecks. The 
introduced concept emphasizes the importance of 
modularized and hybrid manufacturing systems which 
combine automated and manually operated tasks. The concept 
was successfully validated at an automotive supplier company 
that was challenged to design a flexible manufacturing system 
for car body parts within a short time period. The product and 
development process faced several changes and deviating 
volume forecasts. The previewed manufacturing system was 
adapted to a hybrid and flexible solution. 
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